Purpose: To compare the self-sealing features and dimensional stability between the femtosecond laser (FL) and manual knife corneal incision. Methods: For the clinical study, 29 consecutive eyes from 29 patients and 28 eyes from 28 patients who underwent cataract surgery with FL corneal incision and manual knife incision, respectively, were enrolled. Immediately after cataract surgery, the self-sealing features of the corneal incisions were evaluated. Scanning electron microscopy (SEM) images were obtained. For the experimental study, clear corneal incisions with a knife or FL with different energy settings (3, 6 and 9 lJ) were created in fresh porcine eyes, followed by a stress test. The incision width was measured before and after the stress test. Results: In the clinical study, the knife group had a higher self-sealing score (0.60 AE 0.49 points) than the FL group (0.17 AE 0.38 points). In the experimental study, the deformation rate in the knife incision (5.04 AE 1.93) was significantly lower than that in the FL with any energy. The deformation rate in the 9 lJ (12.98 AE 2.76) was significantly higher than in the 3 lJ (8.54 AE 2.38) and 6 lJ (8.82 AE 2.85) FL energies. Scanning electron microscopy (SEM) images revealed that the corneal stromal surface of the knife incision was smoother than that of the FL. Higher energy FL showed more irregular surfaces. Conclusion: Higher FL energy tended to widen a clear corneal incision when mechanical stress was applied. The histological differences at the inner tunnel surface may cause differences in wound stability of the corneal incision.
Introduction
Although a corneal incision has been previously implicated as a risk factor for endophthalmitis (Nagaki et al. 2003; Cao et al. 2013) , cataract surgery with a clear corneal incision is extensively performed worldwide. Wallin et al. (2005) reported that wound leakage on the first postoperative day is a risk factor for endophthalmitis. An immediate post-operative gaping wound due to hypotension could cause the influx of fluid from outside of the eyes. Thus, water-tight sealing of the wound at the end of surgery is essential to prevent endophthalmitis. As mechanical forces tend to deform the cornea more than the sclera, we need to create a self-sealing corneal incision as well as reduce mechanical wound stress during cataract surgery.
In femtosecond laser-assisted cataract surgery (FLACS), use of the femtosecond laser (FL) leads to a corneal incision, anterior capsulotomy and fragmentation of nucleus. Several advantages have been reported including an accurate capsulotomy size, position and circularity and decrease in ultrasound energy during phacoemulsification (Nagy et al. 2011; Abell et al. 2013; Dick & Schultz 2013) . A femtosecond laser (FL) creates a plasma explosion; the subsequently created cavitation bubble forms an incision plane, which is called photodisruption.
Although a corneal incision is a very important procedure in cataract surgery, there is a paucity of studies related to the self-sealing feature of a corneal incision and the impact of FL energy on the wound stability in FLACS (Grewal & Basti 2014; Mastropasqua et al. 2014; Hill et al. 2016 ). In the current study, we compared the self-sealing properties of a corneal incision made using FLACS and conventional cataract surgery. Then, we performed an ex vivo experiment to compare the dimensional stability between a FL corneal incision and conventional knife incision.
Materials and Methods

Clinical study
This prospective study included consecutive patients who underwent cataract surgery and agreed to participate in the study from July to November in 2015 at the Chukyo Eye Clinic, Nagoya, Japan. A total of 29 eyes of 29 patients who underwent FLACS (FL group) and 28 eyes of 28 patients who underwent conventional cataract surgery (knife group) were enrolled. For the FL group, the LenSx (Alcon, Fort Worth, TX, USA) system was used for all cases with identical laser parameters. The incision width and length were set at 2.5 and 2 mm, respectively. Spot separation, layer separation and FL energy for corneal incision were set at 3 lm, 3 lm and 6 lJ, respectively. For the knife group, a 2.5-mm-wide slit knife (Beaver Visitec, Waltham, MA, USA) was used to make the main incision. Using a surgical caliper, a 2-mm length was marked with surgical ink on the cornea and an incision was made with the aid of a marking guide. In both the FLACS and conventional groups, CENTUR-ION VISION SYSTEM Ò (Alcon, Fort Worth, TX, USA) was used for phacoemulsification. All intraocular lens (IOL) implanted in the study were recommended for corneal incisions with width <2.5 mm. Patient demographic information is shown in Table 1 . There were no significant differences in the distribution of the sexes and cataract grades based on the Emery-Little classification. However, the mean age of the FL group was significantly lower than that of the knife group; the axial length in the FL group was longer than that in the knife group; the cumulative dissipated energy (CDE) of the FL group was significantly lower than that of the knife group.
We assessed the self-sealing properties of the incision based on the surgery video. Scoring of self-sealing properties was performed using previously described methods (Kojima et al. 2005) . Briefly, a score of 2 was given when hydration was not needed; 1 was given if hydration at a portion of the corneal wound area was needed; 0 was given when hydration of the total wound area was necessary. To assess and determine whether wound leakage was present, a surgical sponge (HAN-DAYA, Tokyo) was used.
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institution and/or national research committee and with the Tenets of the Declaration of Helsinki. The study was approved by the Institutional Review Board, and written informed consent was obtained from all patients after the nature and possible outcomes of the study were explained.
Ex vivo evaluation of dimensional stability before and after wound stress test Eight fresh porcine eyes were used in each group. An incision was created using the FL or the knife. Using the same method as the clinical study, both FL and knife incisions were 2.5-mm-wide with a 2-mm tunnel length. According to manufacturer's recommendation, spot separation and layer separation for corneal incision were set at 3 and 3 lm, respectively. Femtosecond laser (FL) energy was set at 3, 6 or 9 lJ in each group. After creating the incision, a stress test was performed to mimic cataract surgery. The irrigation and aspiration (I/A) tip were inserted with a silicon sleeve, and moved 50 times horizontally at 90°and another 50 times perpendicularly at 90°at the same speed, which was ensured by using a metronome. To determine the conditions of the stress test, cataract surgery videos from the microscope and videos recorded from the lateral side of the surgeon were analysed to observe the vertical movements of the instruments; these were used to mimic the mechanical stress at the incision during cataract surgery. Before and after the stress test, we measured the internal width of the incision using surgical inner calipers (incision gauge set 9-687, Duckworth & Kent Ltd., UK). The deformation rate was defined as the change in value of the width of the incision divided by the initial width.
Observation of corneal incision surface by scanning electron microscopy Using eight human cadaver eyes provided by an eye bank in the United States, four incisions including a FL incision with different energy settings (3, 6, or 9 lJ) and a knife incision were made in each eye. The eyes were preserved immediately after the incision was made (without applying a wound stress test) for scanning electron microscopy (SEM) observation. For SEM, the outer part of the incision tunnel was removed and the inner surface was examined using SEM (Fig. 3) . The samples were fixed with 2% paraformaldehyde (PFA) and 2% glutaraldehyde (GA) in a 0.1 M cacodylate buffer (pH 7.4) at 4°C overnight. The samples were additionally fixed with 1% tannic acid in 0.1 M cacodylate buffer (pH 7.4) at 4°C for 2 hr. After fixation, the samples were washed 4 times with 0.1 M cacodylate buffer for 30 min each and post-fixed with 2% osmium tetroxide (OsO 4 ) in 0.1 M cacodylate buffer at 4°C for 3 hr. Then, the samples were dehydrated in graded ethanol solutions (50%, 70%, 90% and 100%). After the dehydration processes, the samples were continuously dehydrated with 100% ethanol at room temperature overnight. Then, ethanol was substituted with tert-butyl alcohol at room temperature. The frozen samples were vacuum dried and subsequently coated with a thin layer (30 nm) of osmium using an osmium plasma coater (NL-OPC80NS; Nippon Laser & Electronics Laboratory, Nagoya, Japan). The samples were examined using a scanning electron microscope (JSM-6340F; JFOL Ltd., Tokyo, Japan) at an acceleration voltage of 5.0 kv. Digital images were taken and uploaded directly into the computer and saved on a compact disc (CD).
Analyses of surface irregularities of femtosecond laser incision and manual knife incision
To perform a quantitative evaluation of the inner surface of the corneal incision and analyse its irregularities, the angular second moment was measured using IMAGEJ software (ver. 1.41, National Institute of Health, USA) (Sharma et al. 2008; Al Harthi et al. 2014 ). Generally, a higher angular second moment value indicates a smoother image.
Statistical analyses
The chi-squared test was used to compare the sex ratio between the two groups. Fisher's exact test was used to compare the ratio of cataract grades. The Wilcoxon signed rank test was used to compare the incision width before and after the stress test. The Mann-Whitney U-test was used to compare age and the self-sealing score between the two groups. The KruskalWallis test was used to compare the rate of deformation of the incision or the angular second moment among 3 or more groups. A p value <0.05 was considered statistically significant.
Results
Clinical study
In the knife group, 40% and 60% of patients had scores of 0 and 1 point, respectively (Fig. 1) . In the FL group, 83.3% and 16.7% had scores of 0 and 1 point, respectively. The mean self-sealing score in the FL group (0.17 AE 0.38 points) was significantly lower than that in the knife group (0.60 AE 0.49 points) (p = 0.0012).
Comparison of dimensional stability between the femtosecond laser incision and manual knife incision
Changes in incision width after the stress test were evaluated in fresh porcine eyes. In both the knife and FL groups, a significant increase in the width of the wound was confirmed ( Fig. 2; ], p < 0.0001). Moreover, deformation rates in the 9-lJ FL group was significantly higher than that in the 3 and 6 lJ FL groups (9 lJ versus 3 lJ, p = 0.0072; 9 lJ versus 6 lJ, p = 0.0013).
Comparison of microstructures in the incision tunnel between femtosecond laser incision and manual knife incision
Scanning electron microscopy (SEM) was used to evaluate the microstructure of the FL and knife incisions wound in human cadaver eyes. Representative images are shown (Fig. 3) . Quantification of the smoothness of the surface was assessed using the angular second moment, which is generally higher when the surface is smoother. We found that the angular second moment in the knife group (0.00032 AE 0.00010) was significantly higher than that of the FL (6 lJ, 0.00014 AE 0.00052; 9 lJ, 0.00009 AE 0.00001) group (knife versus FL [6 lJ], p = 0.03; knife versus FL [9 lJ], p < 0.001). Angular second moment in the FL group with 3 lJ energy (0.00026 AE 0.00073) was significantly higher than that of the 9-lJ FL group (p < 0.0001).
Discussion
In the current study, we conducted a clinical study to compare the selfsealing properties between corneal incisions made by FL and knife. We found that the knife group showed better selfsealing properties than the FL group after cataract surgery. We found statistically significant differences in age and preoperative axial length between the FL and knife groups in the clinical study. It has been reported that biomechanical properties of the cornea are affected by age (Elsheikh et al. 2007a, b) . However, since the difference in average age was less than 4 years, we think the difference is not clinically significant. In future studies, we need Fig. 1 . The distribution of self-sealing features in a corneal incision after cataract surgery. The average self-sealing score in the femtosecond laser group was significantly lower than that in the knife group. * represents p < 0.05. FL = femtosecond laser, SD = standard deviation.
to match the patients' ages. To determine the cause of these differences, we planned ex vivo experiments.
In the ex vivo experiments, we performed a stress test to simulate stress on the wound during cataract surgery. The stress test was carefully performed using the I/A tip to produce an equal amount of mechanical stress. From this experiment, we found that the wound deformation rate of the FL group was significantly higher than that of the knife group. Surprisingly, the deformation rate of the higher energy FL group was higher than that of the lower energy FL group. Furthermore, to investigate the cause of these differences, we examined the microstructure of the inner tunnel using SEM. The SEM images showed that the surface of the inner tunnel of the knife group was smoother than that of the FL group. We also found that the lower energy FL group had a smoother surface than that of the higher energy FL group. When corneal samples are observed using SEM, the fixation, drying and coating procedures may affect the tissue morphology. To quantify the tissue irregularities, we observed at least five different locations to calculate the smoothness of the incision surface. However, the artifacts caused by tissue processing might have affected the results.
In our study, we assessed self-sealing immediately after the surgery. As a difference in corneal stromal cell death and upregulated wound healing responses in an FL incision have been reported (Mayer et al. 2014) , we may need to reevaluate the self-sealing several hours after surgery.
Generally, an advantage of FL is creating an incision that is accurate in terms of position, width and length (Grewal & Basti 2014) . A previous study reported that an FL corneal incision had a leak-free feature (Hill et al. 2016) . Discrepancies between that study and our results may be due to the use of a different FL platform and lower energy in the Hill et al. study. A detailed wound stress to mimic cataract surgery was not mentioned in their study; thus, their design may be different from our study.
There are several limitations in this study. In the clinical study, we tried to create a corneal incision of the same length in the two groups. As we put 2-mm markings on the cornea with a surgical pen in the knife incision, the total length of the corneal incision tunnel may be slightly different between the two groups. Moreover, the FL group had a lower CDE value (total phacoemulsification energy) than that of the knife group, which was consistent with previous reports and is one of advantages of FLACS. As a lower CDE value contributes to better wound sealing, we believe that the difference in CDE energy between the two groups does not affect the results. However, future studies that include cases with similar CDE values are needed to clarify the issue. Due to a shortage of cadaver eyes for research, we used fresh porcine eyes for a portion of the experimental study. There are very similar biomechanical properties in relation to the stress-strain relationship between human and porcine cornea (Elsheikh et al. 2008 ) (Zeng et al. 2001) .
However, stress-relaxation properties are different between human and porcine eyes, which means viscosity and elasticity of tissues are different between them; this may result in the difference of deformation rate. In our study, we found differences in the deformation rates between FL and knife incisions. Based on these, we believe that these differences can be also applied to human eyes, but the absolute value of the deformation rate in human eyes will be different from porcine eyes. An advantage of using porcine eyes is that we can use samples of similar quality and age. Another advantage is that the tissue is very fresh. When we used human eyeballs shipped from the United States, most of the samples were already 5 days old after death. Previous studies that used the human cornea for biomechanical studies recommended its use within 3 days after death (Dias & Ziebarth 2015; Mikula et al. 2016) . In future studies, we need to confirm our results using fresh human cadaver eyes if they are available.
From the results of the current study, we found that FL with lower energy creates a smoother incision tunnel surface and contributes to the lower deformation rate after cataract Changes in the width of the incision after the wound stress test. In both the knife and femtosecond laser groups, a significant increase in the width of the wound was found after the stress test. (B) Deformation rate due to the wound stress test in the knife group was significantly lower than that in the femtosecond laser groups. Moreover, the deformation rates of the 9-lJ femtosecond laser group was significantly higher than that of the 3-lJ and 6-lJ femtosecond laser groups. * and ** represent p < 0.05 and p < 0.001, respectively. FL = femtosecond laser.
surgery. However, as spot separation is also associated with surface irregularities, we may create a better corneal incision if we adjust and optimize both spot separation and laser energy.
It may be too early to conclude from the results of the current study that a corneal incision made by FL would be worse than that made by a knife in clinical settings. In this study, a single experienced surgeon created a corneal incision using knives. If a surgeon with less experience with cataract surgery creates a corneal incision, the result may be different. Future prospective randomized studies with less experienced surgeons are needed to clarify this issue.
In conclusion, our study revealed an issue with the FL corneal incisions. For an FL corneal incision with higher selfsealing property, a lower energy setting is recommended.
The current study was presented orally at the annual conference of the Japanese Society of Cataract and Refractive Surgery in Kyoto, Japan on June 25, 2016.
We would like to express our gratitude to Mr. Seiji Tokiwa and Ms. Reina Tsuji for their generous support for the experiments. Representative scanning electron microscopy images of the femtosecond laser and knife incision wounds. (C) Quantification of the surface irregularities in scanning electron microscopy images using the angular second moment, which generally has a higher value for a smoother surface. We found that the surfaces of the corneas that underwent knife incision were significantly smoother than those of the femtosecond laser (6 or 9 lJ) incision. The incision made with the 3-lJ femtosecond laser was significantly smoother than that with the 9 lJ. * represents p < 0.05. FL = femtosecond laser, SEM = scanning electron microscopy.
